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ABSTRACT The change in the membrane potential of Jurkat cells in response to nanosecond pulsed electric ﬁelds was
studied for pulses with a duration of 60 ns and maximum ﬁeld strengths of ;100 kV/cm (100 V/cell diameter). Membranes of
Jurkat cells were stained with a fast voltage-sensitive dye, ANNINE-6, which has a subnanosecond voltage response time. A
temporal resolution of 5 ns was achieved by the excitation of this dye with a tunable laser pulse. The laser pulse was syn-
chronized with the applied electric ﬁeld to record images at times before, during, and after exposure. When exposing the Jurkat
cells to a pulse, the voltage across the membrane at the anodic pole of the cell reached values of 1.6 V after 15 ns, almost twice
the voltage level generally required for electroporation. Voltages across the membrane on the side facing the cathode reached
values of only 0.6 V in the same time period, indicating a strong asymmetry in conduction mechanisms in the membranes of the
two opposite cell hemispheres. This small voltage drop of 0.6–1.6 V across the plasma membrane demonstrates that nearly the
entire imposed electric ﬁeld of 10 V/mm penetrates into the interior of the cell and every organelle.
INTRODUCTION
When mammalian cells are placed in a static or slowly
varying electric ﬁeld, charges will accumulate along the
plasma membrane and, as a result, the potential difference
across the membrane will change from the resting value. The
plasma membrane behaves as a leaky dielectric, and when
the voltage is increased to ;1 V, water-ﬁlled pores form in
the lipid bilayer resulting in ‘‘electroporation’’ (1,2). This
leads to an increased permeability of the cell membrane (3),
allowing for transfer of molecules across the cell membrane.
The pore size is a function of the duration of the electric ﬁeld
pulse. Traditional electroporation utilizes pulses microsec-
onds to milliseconds in duration and a few hundred volts to
several kilovolts per centimeter. This generates pores large
enough for molecules such as DNA to pass through. Current
applications of this technique include transfer of genes and
drug delivery into cells (4–7). Shorter pulse durations in the
nanosecond range are thought to create much smaller pores
that will allow ions but not large molecules to pass through
(8,9). At higher electric ﬁelds, the probability of creating non-
resealable pores increases and, for such pores, cells lose their
cytoplasm and die. This effect can be used for food process-
ing (10) or bacterial decontamination (11).
If the rise time of the applied pulsed electric ﬁeld is faster
than the charging time of the plasma membrane, the electric
ﬁeld will pass through the membrane into the cytoplasm and
affect internal cell structures. If the amplitude of the applied
ﬁeld is high enough, transmembrane voltages across intra-
cellular membranes will reach threshold values, and pore
formation in such membranes becomes likely (12). Although
the charging mechanism for intracellular membranes is not
yet completely understood, the use of ultrashort pulses on
such membranes has been shown to cause a number of new
biochemical and biological phenomena. Among the events
observed so far are the transient externalization of phospha-
tidyl serine (13), the release of intracellular calcium (14,15),
and the induction of apoptosis (16,17).
Better understanding of the effects of pulsed electric ﬁelds
on membranes requires the measurement of transmembrane
voltages in real time, i.e., with a temporal resolution short
compared to the charging time of the membrane. Because
characteristic charging time constants for the plasma mem-
brane of mammalian cells are on the order of 100 ns, and
even less for membranes of subcellular structures (18), real-
time measurements require a temporal resolution of 1–10 ns.
For larger cells, e.g., sea urchin eggs, where the characteristic
membrane charging time constant is in the microsecond
range, real-time measurements of membrane charging only
require a temporal resolution on the order of 100 ns. Such
measurements have been conducted by Kinosita et al. (19)
for applied square wave pulses of several microseconds
duration and a maximum ﬁeld strength of 400 V/cm by using
a 300-ns laser pulse to excite the voltage sensitive dye,
RH292. The advantage of this pulsed illumination with the
laser is that the temporal resolution of the measurement is not
determined by the shutter time of the camera but by the
pulsed (stroboscopic) laser illumination only. The results of
the experiments with 400 V/cm pulses showed an exponen-
tial increase in the transmembrane voltage until saturation
was reached after 2 ms. The saturation of the ﬂuorescence re-
sponse was assumed to be due to electroporation.Submitted August 19, 2005, and accepted for publication December 7, 2005.
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To use the same technique to monitor the transmembrane
potential during the exposure to a nanosecond pulsed electric
ﬁeld, a laser pulse of nanosecond pulse duration and a voltage
sensitive dye with an equally fast response time are needed.
Whereas nanosecond lasers are readily available, only recently
has a voltage-sensitive dye, ANNINE-6, with subnanosecond
temporal response, become available. ANNINE-6was developed
with a voltage-regulated ﬂuorescence response that depends
only on the shift of energy levels due to the Stark effect (20).
To investigate membrane charging in response to an
ultrashort pulsed electric ﬁeld, we stained Jurkat cells with
Annine-6 and exposed them to an electric ﬁeld of 95 kV/cm
for 60 ns. At different times during the exposure, the cells
were illuminated with a laser pulse of 5-ns duration (full-
width half-maximum (FWHM)). In this manner, the recorded
changes in ﬂuorescence intensity allowed us to monitor tem-
poral development of the transmembrane voltage with a 5-ns
temporal resolution.
MATERIALS AND METHODS
Cell culture
Jurkat cells, a T-lymphocyte cell line obtained from American Type Culture
Collection (Manassas, VA), were cultured in 75-cm2 ﬂasks in phenol red
RPMI 1640 medium (Mediatech Cellgro, Herndon, VA) supplemented with
10% fetal bovine serum (Atlanta Biologicals, Norcross, GA), 1% L-glutamine,
and 1% penicillin/streptomycin (Mediatech Cellgro), and incubated at 37C
with 5% CO2. Cells in log-phase were removed from the culture and
resuspended in a physiological buffer before experimentation. The buffer used
to resuspend the Jurkat cells was composed of 145 mM NaCl, 5 mM KCl,
0.4 mM NaH2PO4, 1 mM MgSO4, 6 mM glucose, 5 mM HEPES, 1.5 mM
CaCl2, with enough NaOH added to bring the pH to 7.4.
Cell staining
Cells were stained with the voltage-sensitive fast response dye ANNINE-6
(Sensitive Dyes GbR, Munich Germany) at a concentration of 16 mM (20).
The dye molecules become attached to the cellular membrane, and undergo a
change in charge distribution when the voltage across the membrane, or the
electric ﬁeld in the membrane, respectively, is increased. This increase in
electric ﬁeld, causes a change in charge distribution of the molecule. This ﬁeld-
induced redistribution occurs on a timescale small compared to nanosec-
onds, and leads to a shift of the excitation and emission spectra of ANNINE-6.
Kuhn and co-workers (21) found strong experimental evidence that the
spectral shifts of ANNINE-6 embedded in a plasma membrane depend on the
molecular Stark effect (electrochromism) only (22). As a result of the spec-
tral shift, the ﬂuorescence intensity of ANNINE-6 that is observed in a certain
wavelength range is modulated strongly by the voltage across the membrane
(21) with a response time of ANNINE-6 in the subnanosecond range.
Experimental setup
Stained cells in suspension were placed between two stainless steel elec-
trodes (type 301, Small Parts, Miami Lakes, FL) mounted on a standard
(253 75 mm) microscope slide. Although some authors doubt the chemical
inertness of stainless steel electrodes in experiments with electric ﬁelds
(23,24), we have found no adverse effects caused by the material in our
experiments thus far. The gap distance between the electrodes is 100 mm
(depth and length of the gap are 100 mm and 1 cm, respectively) and the
electrodes are afﬁxed to the slide with a ,10-mm epoxy layer. A homo-
geneous electric ﬁeld was applied to the suspension by means of a Blumlein
line pulse generator matched to the load resistance of the sample between the
electrodes (25). The pulse duration is determined by the cable length of
the Blumlein line and was set to 60 ns for this experiment. To synchronize
the exposure with the pulsed illumination, a fast semiconductor switch
(MOSFET (DE275-102N06A, IXYS RF, Fort Collins, CO)) was used as a
closing switch for the Blumlein line pulse generator. The MOSFET, which
can be triggered with a TTL signal, allows the application of a voltage pulse
with amplitude up to 1 kV, corresponding to a maximum electric ﬁeld in the
100-mm gap of 95 kV/cm. A schematic of the experimental setup is shown in
Fig. 1.
The required nanosecond pulsed illumination was accomplished with a
dye laser (PDL-2, Quanta Ray, Spectra Physics, Mountain View, CA). The
dye laser was pumped by the third harmonic of an Nd:Yag laser (DCR-3,
Quanta Ray). Coumarin 440 (Exciton, Dayton, OH) was used in the dye
laser to provide illumination at a wavelength close to the excitation
maximum of Annine-6 at 440 nm. The pulse duration of the multimode laser
pulse was 5 ns (FWHM). The laser light is guided through an optical ﬁber to
the microscope, where it is weakly focused on the area between the elec-
trodes of the microreactor on the microscope stage. The diameter of the
illuminated spot in the specimen plane is 180 mm. To ensure reproducibility,
the laser intensity was adjusted to the same value in each experiment. A ﬁlter
with an optical transmission peaking at 440 nm and a FWHM of 20 nm
prevents excitation of the sample by the laser used to pump the dye laser
itself (355, 532, and 1064 nm) and by stray light from sources other than the
laser. To further minimize the inﬂuence of stray light, the ﬂuorescence
emission is observed through a combination of a dichroic mirror and a
bandpass ﬁlter with a range from 560 to 660 nm. The transmission of this
ﬁlter is 88 6 2% over the entire range.
The peak laser power density at the illuminated area A ¼ 2.54 3 104
cm2, amounts to 5 MW/cm2. Thus, the peak photon ﬂux density at the
specimen plane is Ipeak ¼ 1.1 3 1025 photons per cm2 and per second. Dye
excitation at these moderate power densities is a single-photon process. For
two-photon excitation of common ﬂuorescent probes, a photon ﬂux density
on the order of 1030 cm2s1 is typically required (26), which is ﬁve orders
of magnitude higher than is used in the experiment.
The laser was operated in single-shot mode triggered by an external
signal that was synchronized with the electric ﬁeld pulse. The timing was
controlled with a fast photodiode (S4797, Hamamatsu; Hamamatsu City,
Japan). All propagation delays were accounted for and corrected by using
appropriate delays on the trigger signals. The principle of the stroboscopic
imaging technique is shown in Fig. 2. The voltage pulse applied to the
microreactor was trapezoidal with a rise and fall time of ;5 ns (10–90%
value). The pulse voltage did not return to zero after 60 ns, but stayed, for
another 60 ns, at ;20% of its peak value.
FIGURE 1 Block diagram of the experimental setup: nanosecond pulse
generator, microreactor, and optical system.
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With this system, it is possible to collect images with a temporal reso-
lution of 5 ns, the duration of the laser pulse, by illuminating the cells at
different times before, during, and after the 60-ns electrical exposure. It
needs to be pointed out, however, that the setup allows the capture of only
one image during each exposure to a pulsed electric ﬁeld. Therefore, the
development of the transmembrane voltage is necessarily a reconstruction
from repeated experiments with different cell samples recorded at different
times during the electric ﬁeld exposure.
Fluorescence microscopy
Photographs of the cell sample were taken on an inverted microscope (IX71,
Olympus, Melville, NY) with a 6003 magniﬁcation. A photograph was
taken as a reference before the electric ﬁeld exposure, another during the
application of the electric ﬁeld, and one 30 s after the pulse. The images of
the cells were recorded in 12-bit grayscale with a signal amplifying camera
(PCO DiCAM Pro, The Cooke Corporation, Auburn Hills, MI). Image
processing was done using ImageJ software (National Institutes of Health,
rsb.info.nih.gov/ij/). In each image, two to 10 cells were visible between the
electrodes. From these cells, a maximum of ﬁve cells were analyzed. A
circular mask was drawn around each selected cell in the control image taken
before exposure to the electrical ﬁeld, and its dimensions recorded. A
smaller circular mask was then drawn to 25% the size of the original and
placed at the outermost position (pole) of the membrane facing the cathode
and that facing the anode. The average pixel intensity for the selected mask
area at both positions was then measured. The same process was repeated for
the image taken during the electric ﬁeld pulse. Background values for each
image were subtracted from average pixel intensity values. Once these
values were obtained, a ratio of the average ﬂuorescence intensity change in
the images, taken before and during the electrical exposure was calculated
and expressed as a percentage change in ﬂuorescence intensity. Changes in
the ﬂuorescence intensity could be determined with an accuracy of 2%.
However, the ﬂuorescence intensity of cells observed in successive experi-
ments with the same exposure parameters varied as much as 12%.
The Jurkat cells were stained with a voltage-sensitive dye, ANNINE-6,
having a subnanosecond temporal response (21). With a high-intensity laser
as excitation source, almost all the dye molecules that are embedded in the
membrane will be excited. Because the lifetime of the excited state is on
the same order as the laser pulse duration, 5 ns, multiple excitation cycles of
the dye molecules are not likely (in contrast to the static illumination by a
mercury lamp, where continuous excitation and ﬂuorescent decay occurs).
Consequently, for the pulsed laser illumination, the ﬂuorescence signal
depends on the number of dye molecules attached to the membrane, rather
than on the intensity of the incident light.
A laser intensity that is too high results in rapid bleaching of the dye,
rendering measurements on transmembrane potential changes futile. To take
the inﬂuence of laser bleaching into account, we have adjusted the laser
intensity to a value that gave us a reproducible ﬂuorescent signal reduction
of 80% after 10 laser pulses. In addition, a control image was always taken as
the third picture in a sequence of pictures before, during, and after the
exposure to the pulsed electric ﬁeld. The comparison of the ﬂuorescence
intensity before and after the application of the electrical pulse, together with
the information from images recorded in the same sequence but without the
effect of an applied electrical pulse, allows us to estimate ‘‘inherent’’ changes
in ﬂuorescent intensity that are not caused by changes in the transmembrane
voltage. Small ﬂuctuations in the intensity of the laser illumination are
responsible for changes in ﬂuorescence of 5–10% between the ﬁrst and the
second image. For a nominal laser energy of 5 mJ (corresponding to a power
density of 5 MW/cm2 at the illuminated focal area), this value was found to be
reproducible and was taken into account when the experimental results were
evaluated.
Image analysis
When the voltage across the membrane changes due to the applied electric
ﬁeld, the wavelengths for the excitation and emission maxima shift in
response (Fig. 3). When the ﬂuorescence signal is observed through an
emission ﬁlter with a transmission range small compared to the width of the
ﬂuorescence emission band, this shift causes a change in the intensity of the
recorded signal. With the data provided by Kuhn et al. (27), transmembrane
voltages can be calculated from the change in ﬂuorescence intensity as
shown in Fig. 4. For an increase of the electric ﬁeld across the membrane
(hyperpolarization), the ﬂuorescence spectrum shifts toward longer wave-
lengths, corresponding ﬁrst to an increase in recorded intensity (up to the
point where the peak of the ﬂuorescence spectrum coincides with the center
wavelength of the ﬁlter transmission), followed by a decrease. The opposite
is the case when the electrical ﬁeld across the membrane decreases
(depolarization). The changes in intensity, therefore, provide a measure of
the transmembrane voltage.
RESULTS
We have imaged Jurkat cells stained with ANNINE-6 before,
during, and after the application of a 60-ns pulse of 95 kV/cm.
Images were acquired during the excitation of the dye with a
5-ns laser pulse to achieve a snapshot of the membrane
voltage of the entire cell with a 5-ns temporal resolution (Fig.
5). Images acquired before the pulse was applied show a
ﬂuorescence distribution that is uniform along the perimeter
of the cell, as expected for cells where the voltage across the
membrane is just the resting potential difference. For Jurkat
FIGURE 2 The concept of stroboscopic measurements is depicted on the
left. The actual laser pulse of 5 ns (recorded with a fast photodiode), relative
to the temporal development of the 60-ns applied electric ﬁeld is shown in
the right graphic.
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cells this is;50 mV (of negative polarity with respect to the
grounded exterior of the cell) (28). When the cells are exposed
to high electric ﬁelds, the ﬂuorescence decreases dramatically
in both hemispheres, slightly more on the hemisphere that
faces the cathode (negatively biased electrode) than the hemi-
sphere that faces the anode.
Note that no azimuthal differences in ﬂuorescence inten-
sity can be observed within the same hemisphere of the cell
for any time during the exposure. The ﬂuorescence intensity
shows only a discontinuity at the equator (perpendicular to
the electric ﬁeld). This indicates that for such high electric
ﬁelds, the membrane voltage ‘‘breaks down’’ very rapidly,
and assumes across each hemispherical membrane a constant
value, which is independent of the azimuth angle, and which
is different from computed voltage distribution, where the
membrane is considered an ideal dielectric material:
DV ¼ 1:5ED
2
cos u: (1)
D is the cell diameter and u is the angle with respect to the
direction of the applied electric ﬁeld, E. Similar observations
have been made by Kinosita et al. for ‘‘conventional’’ elec-
troporation pulses (19).
The temporal development of the membrane voltage can
be recorded by varying the time of illumination with the laser
pulse with respect to the applied electric ﬁeld pulse. For each
experiment we acquired a ﬂuorescence image before the pulse,
a second image at a single time point during electric ﬁeld
application, and a third image about half a minute after the
pulse. Each measurement sequence was performed on a fresh
batch of cells that had not been previously exposed to an
electric ﬁeld. A representative set of images is shown in Fig.
6. We then evaluated at least ﬁve such images, taken at the
same time point, from ﬁve different cells to determine the
average change of the ﬂuorescence signal.
The change in relative ﬂuorescence intensities at the pole
of the cell that faces the cathode (negatively biased electrode),
and that which faces the anode (positively biased electrode)
are plotted versus time in Fig. 7. The gray area depicts the
time when the full voltage is applied. The ﬂuorescence in-
tensity rapidly decreases for both the cathodic pole as well as
anodic pole, and reaches a minimum ;15 ns after applica-
tion of the external ﬁeld. It then increases slightly at the
cathodic pole, and more strongly at the anodic pole, during
the application of the 60-ns pulse. After the pulse, the inten-
sity increases at an even faster rate than during the 60-ns
pulse, and at 30 s, has almost returned to the value of the
unperturbed membrane.
Depolarization is expected for the cathode-facing pole of
the cell and hyperpolarization for the pole facing the anode.
To correlate the observed ﬂuorescence changes with mem-
brane potential we used the bell-shaped calibration curve
shown in Fig. 4. The temporal development of the voltage at
the anodic and cathodic side of the cells was calculated ac-
cordingly as shown in Fig. 8.
FIGURE 4 The relative ﬂuorescence intensity of ANNINE-6 versus trans-
membrane voltage change. The ﬂuorescence has been recorded through a
ﬁlter centered at 610 nm with a bandwidth of 100 nm and has been
normalized with respect to the intensity without electric ﬁeld application.
For a change of the transmembrane voltage at the pole of the cell facing the
anode of .1 V the hyperpolarization of the membrane will also lead to a
decrease of the ﬂuorescence signal.
FIGURE 3 Excitation and emission spectra of ANNINE-6 are depicted for
a resting transmembrane voltage of 50 mV (dashed curves). With decreasing
voltage across the membrane (depolarization), the spectra are shifted to shorter
wavelengths (solid curves; diagram on left), resulting in a decrease of the light
intensity passing through a ﬁlter centered at 610 nm with a bandwidth of 100
nm. With increasing transmembrane voltage (hyperpolarization), the spectra
are shifted to longer wavelengths (solid curves; diagram on right), resulting in
ﬁrst, an increase, and, with increasing voltage, a decrease in intensity passing
through the ﬁlter.
Real-Time Membrane Voltage Measurements 3611
Biophysical Journal 90(10) 3608–3615
We want to point out that the transmembrane voltages, ob-
tained from the ﬂuorescence data, are extrapolated from the
available data on the ﬂuorescence response of ANNINE-6,
and this extrapolation could be a cause of deviations of the
calculated membrane voltage from the real one. Eventually,
an experimental calibration of the dye response will be
necessary. The design of such measurements for voltages in
excess of 1 V is challenging, because independent methods
to quantify the membrane potential, such as patch-clamp,
require applying very high voltages across the cell for at least
several microseconds. Under these conditions, however, the
formation of large pores, i.e., ‘‘conventional’’ electropora-
tion of the membrane, is inevitable.
The voltage across the membrane at the anodic pole rises
in,5 ns (the temporal resolution of our method) to values of
1.2 V, and then increases at a slower rate of 30 mV/ns to
values of 1.6 V, 15 ns after pulse application. During the
same time period, the voltage across the membrane at the
cathodic pole rises with a rate of ;40 mV/ns to a value of
0.6 V. From 15 ns forward, up to the end of the 60-ns high
voltage pulse, the membrane voltages decrease slightly.
After the electrical pulse, the voltages at both hemispheres
return to the resting voltage.
DISCUSSION
For ANNINE-6, experimental data on the spectral shift of
excitation and emission spectra with voltage are available for
transmembrane voltage changes up to 6300 mV, although
for a different cell line (27). The shift in wave number was
found to be 163 cm1 for excitation and 170 cm1 for
emission for a change in voltage of 100 mV independent of
polarity. We have used these data to calculate the expected
response for an excitation wavelength of 440 nm and a range
of emission from 560 to 660 nm. The response of the camera
in this wavelength range is almost linear as long as the
number of counts per pixel is kept on the order of 1000.
Consequently a deconvolution with the camera sensitivity
curve has a negligible effect on the calibration of voltage
change against ﬂuorescence. We can assume that the spectral
shift per 100 mV stays the same for voltages in excess of
6300 mV because the ﬂuorescence response caused by the
FIGURE 6 Typical images of the ﬂuorescence inten-
sity taken at different times during the exposure. The
external electric ﬁeld was orientated from the right to the
left. Cells were exposed to a 60-ns duration pulse of
95-kV/cm electric ﬁeld and the images were taken at the
times listed. Images taken before the pulse (top row)
serve as control images.
FIGURE 5 Jurkat cells before (A) and 25 ns into (B) an electric ﬁeld
application. The images show a drastic decrease of the ﬂuorescence intensity
during the pulsed electric ﬁeld, which indicates high membrane voltages.
During the pulse, the intensities are different for the anode- and the cathode-
directed hemispheres, but within the hemispheres, are independent of the
azimuthal angle u.
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underlying linear Stark effect is not limited to lower voltages.
Only for electric ﬁelds of .30 MV/cm, do higher order
contributions of the ﬁeld strength become signiﬁcant in their
effect on the shift of electronic energy levels (29). The cal-
culations result in a bell-shaped calibration curve (Fig. 4)
where the ﬂuorescence intensity was normalized to one for
the undisturbed membrane (DV ¼ 0).
The observed decrease of ﬂuorescence of the cathode-
facing side is consistent with the predicted change for
depolarization (Fig. 4). The ﬂuorescence intensity is ex-
pected to decrease continuously with voltage. For the anode-
facing pole, one would expect that at the beginning of the
pulse, the ﬂuorescence would increase up to 600 mV, the mem-
brane voltage that corresponds to the peak in the calibration
curve (Fig. 4) before decreasing again. However, for the 60-
ns, 95-kV/cm electrical exposure, an increase in ﬂuorescence
intensity was observed only after the end of the 60-ns electric
ﬁeld pulse. This is at a time when the applied electric ﬁeld
has already declined to a value of ;20 kV/cm. For every
other time during the electric ﬁeld exposure, both hemi-
spheres of the cells show a decrease in ﬂuorescence intensity.
For the hemisphere facing the cathode, values as low as 45%
are measured ;15 ns after the onset of the pulsed electric
ﬁeld. The value for the hemisphere on the anode side de-
creases, at the same time, by ;50%.
That the expected increase in ﬂuorescence at the anode
side during charging was not observed can be explained by
the extremely fast rise in membrane voltage, which occurs on
a timescale of,5 ns, the resolution of the diagnostic system.
Considering that, with a 95-kV/cm electric ﬁeld applied,
the voltage across a 16-mm-diameter cell (the average size
of cells in our experiments) reaches 160 V, and that the
charging time constant for such a cell embedded in a medium
with a conductivity of 1 S/m, and cytosol conductivity of the
same value, is on the order of 120 ns, the membrane potential
is expected to reach values of 1.2 V (level of ﬂuorescence
intensity equal to that with no electric ﬁeld applied) in;1 ns,
assuming that there are no changes in the electrical properties
of the membrane during this time. With a 5-ns optical ex-
posure time, we would not observe the corresponding initial
increase in ﬂuorescence.
After the initial rise in voltage at the anodic pole, the cell
membrane becomes permeable (as indicated by the change in
the rate of voltage increase), but probably only for small,
monovalent or divalent ions. Larger molecules such as
propidium iodide were not found to enter the cell when 10-ns
pulses of about the same amplitude (80 kV/cm) as our 60-ns
pulses were applied to HL-60 cells (8). A possible expla-
nation might be that during the ﬁrst 15 ns the electric ﬁeld
creates a multitude of small nanopores across the cell
membrane previously referred to as ‘‘supra-electroporation’’
(30). The small pore size, coupled with the formation of a
screened double layer (an effective depletion zone around
the pore periphery) limits the membrane conductivity and
ionic throughput. Previous molecular dynamic simulations
by our group (9) have demonstrated that nanopore forma-
tion can occur within the ﬁrst 10 ns at these electric ﬁeld
strengths, and validates their nanoscale size.
The lower transmembrane voltage at the cathodic pole in
Fig. 8 suggests that the corresponding conduction current
must be larger at this end, implying a polarity-dependent
asymmetry in electrical transport. There is theoretical (31)
and experimental evidence (32) that the anode and cathode
sides of cell membranes react very differently to the ap-
plication of an electric ﬁeld. Asymmetric pore formation in
cell membranes was ﬁrst reported for plant mesophyll
protoplasts by Mehrle et al. (33) who attributed this phe-
nomenon to a superposition of the induced and the resting
potentials. It has also been observed for several mammalian
FIGURE 7 Change of the ﬂuorescence signal in response to a change in
transmembrane voltage with time. The data represent the mean ﬂuorescence
intensity changes6 SE in three to ﬁve experiments. The shaded area depicts
the time when the electric ﬁeld was applied. The change in ﬂuorescence
intensity is reaching a maximum at;15 ns after the electric ﬁeld is applied.
FIGURE 8 Temporal development of the membrane voltage at the ca-
thodic and anodic pole. The data represent the mean membrane voltages 6
SE in three to ﬁve experiments. The shaded area depicts the time when the
electric ﬁeld was applied.
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cell lines (32,34) and for vesicles (35). Using microsecond,
monopolar pulses, transport of various ﬂuorescent markers
across anode- and cathode-facing membranes implied a
higher density of small pores at the anode side than at the
cathode side. Assuming a similar asymmetry for nanosecond
pulses, the differences in pore density and size on anode- and
cathode-facing membrane must affect the membrane voltage
at constant current. It is therefore reasonable to assume that
the relatively low voltage across the cathode-facing mem-
brane, which we obtain from our measurements, is due to a
strong asymmetry of the ionic transport parameters.
Such an asymmetry in conduction mechanisms at the
two opposite poles could be due to formation of cylindrical
nanopores with nonuniform cross section. Such pores pro-
duce an asymmetric potential proﬁle within the pore region
as discussed recently in articles by Siwy et al. (36,37). This
asymmetric potential then leads to nonlinear current-voltage
characteristics resembling an electrical diode. The role of
asymmetric potentials in facilitating and modifying electrical
transport is not new, and had been discussed by Astumian in
the context of molecular Brownian ratchets (38).
Field-driven translocation of phospholipids might also
contribute to an asymmetric potential distribution at opposite
hemispheres. Depending on their charge, membrane-embedded
molecules will either be driven into the cell or pulled out into
the outer leaﬂet of the membrane. Recent experiments (13)
suggest the translocation of phosphatidyl serine during the
application of one pulse of .30 kV/cm and duration of
30 ns. As a result of a signiﬁcant change in membrane
surface, charges inside and outside the cell will affect the
transmembrane voltage. The expected azimuthal effect on
the transmembrane voltage change was not observed in our
experiments. Simpliﬁed calculations show that the move-
ment of heavy phospholipids through the membrane in large
numbers for an applied electric ﬁeld for pulse durations of
,100 ns cannot be explained by the assumption of an
electric force acting on the molecules against the friction in
the lipid bilayer alone. This was also demonstrated by recent
molecular dynamics studies (39) showing that phosphatidyl
serine externalization is a pore-mediated event rather than a
direct migration through the membrane. The observed asym-
metry in transmembrane potential voltages can be explained
by an extended screening layer caused by an increase in
phosphatidyl serine molecules around the pore on the anode
side. Moreover, the simulations demonstrate that the pulse
initiates a pore dynamic that will eventually lead to the for-
mation of pores long after (as compared to the pulse dura-
tion) the exposure, which will allow not only small ions to
pass, but also larger dye molecules. In fact, the experiments
mentioned above (13) and work conducted with longer pulses
(40) suggest that, with every pulse, the membrane is altered
in a way that facilitates phospholipid translocation. As a con-
sequence, an ongoing increase in translocated molecules can
still be observed up to milliseconds, or even minutes, after the
exposure. A possible explanation for this alteration might be
the uptake of water into the membrane, as, for example, in
nanopores.
One could presume that another possible reason for the
unexpectedly large difference in the calculated anodic and
cathodic pole membrane voltage is the assumption that the
Stark effect is purely linear. Theoretical studies predict
relevant contributions to the shift of energy levels of the dye
molecule from the quadratic Stark effect only for electric
ﬁelds of .30 MV/cm (29) or at least 10 MV/cm (22). Even,
if we assume that the membrane is charged to 2 V, the
electric ﬁeld in a cell membrane with a thickness of 5 nm is
still only 4 MV/cm, which is too low to expect signiﬁcant
contributions from the quadratic Stark effect that would
affect the ﬂuorescence response of the dye. Unfortunately,
a calibration of the dye response for transmembrane voltages
of 2 V is difﬁcult, if not impossible, because such voltages
cannot be applied long enough to the membrane without the
formation of pores.
Another very important conclusion drawn from these
results is the fact that during the pulse, almost all the voltage
across the cell appears across the interior of the cell after
conduction pores through the membrane have formed. The
voltage drop across the membranes can almost be neglected
during this time. That means that the cell interior sees
approximately the same electric ﬁeld as the entire cell: 95
kV/cm. It is reasonable to assume that these high electric
ﬁelds charge subcellular membranes in the same way as
external electric ﬁelds charge the outer membrane, and in-
deed, this ‘‘electroporation effect’’ on subcellular membranes
has been observed (41), and is the focus of a large number of
current studies (18).
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